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Summary 22 
This study identified aromatic sulfonate desulfurizing bacteria that were enriched in the AM 23 
hyphosphere, putatively attached to the hyphae, that were largely absent in bulk soil.24 
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Abstract 1 
Hyphae of symbiotic arbuscular mycorrhizal (AM) fungi extend into the soil, affecting the 2 
hyphosphere and interact with beneficial soil bacteria. This study aimed to elucidate 3 
differences in hyphosphere, hyphoplane and bulk soil bacterial communities and their role in 4 
mobilization of sulfonate-sulfur. Abundances of cultivable hyphosphere and hyphoplane 5 
bacteria were significantly increased over bulk soil. Cultivation independent fingerprinting 6 
revealed significantly different community structures of both hyphosphere and hyphoplane 7 
bacteria, fungi and AM fungi over bulk soil. However, cultivation dependent and independent 8 
analysis did not identify a difference between bacterial hyphoplane and hyphosphere 9 
(hyphospheric) communities. Isolated bacteria capable of aromatic sulfonate desulfurization 10 
were almost exclusively of hyphospheric origin. Members of the hyphospheric 11 
Gammaproteobacteria and Actinobacteria were found to possess marker gene asfA for 12 
aromatic sulfonate desulfurization and hrcR for attachment to fungal hyphae with a type III 13 
secretion system, that were not detected in bulk soil. These findings suggest that AM hyphae 14 
host a distinct population of sulfonate desulfurizing bacteria putatively capable of hyphal 15 
attachment with potential to increase plant sulfur supply. 16 
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Research highlights 1 
 Hyphae are host to a larger cultivable bacterial community than bulk soil. 2 
 Hyphosphere and hyphoplane bacterial communities were similar in composition and 3 
abundance. 4 
 Hyphospheric bacterial, fungal and AM fungal communities were significantly different 5 
to the ones from bulk soil. 6 
 Dominant sulfonate desulfurizing hyphospheric bacteria putatively attach to AM hyphae. 7 
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1. Introduction 8 
Arbuscular mycorrhizal (AM) fungi form symbiosis with 80% of land plant species, where 9 
they penetrate root cortical cells forming arbuscules for plant-fungus metabolite exchange 10 
(Smith and Read, 2008). AM fungi obtain essential nutrients via their extra-radicular hyphae 11 
(2-10 µm in diameter) that can reach microsites within the soil structure, thus, increasing the 12 
volume of soil and quantity of nutrients accessible to the host plant (Smith and Read, 2008). 13 
In addition, AM bestow several other benefits on the host plant including increased drought 14 
tolerance, protection from plant pathogens, improved soil aggregation, alleviation of toxic 15 
metal stress, and provision of an increased surface area for interaction with beneficial soil 16 
microbes (Frey-Klett and Garbaye, 2005; Kaldorf et al., 1999; Ruiz-Lozano et al., 1995). 17 
Given the carbon (C) limited nature of soil, plant roots and their associated mycorrhizae 18 
create nutritional hot spots for bacteria to proliferate due to exudation of C rich compounds 19 
(Toljander et al., 2007).  20 
Recent studies of bacteria-mycorrhiza interactions have identified the presence of a type III 21 
secretion system (T3SS) which allows bacteria to attach and co-migrate with extra-radicular 22 
hyphae (Warmink et al., 2011). Bacterial attachment to the hyphoplane may be mutualistic in 23 
nature with bacteria improving the availability of soil nutrients in return for C rich exudates 24 
from their fungal partner. Indeed, the mycorrhizosphere has been shown to influence bacterial 25 
mobilization of soil nutrients most extensively studied for phosphorus (P) (Johansson et al., 26 
2004). This is of critical importance as AM fungi and associated bacteria may support plant 27 
growth considerably in grassland ecosystems where soil disturbances are kept to a minimum 28 
(van der Heijden et al., 2008). However, to date a knowledge gap exists regarding 29 
mobilization of organically bound sulfur in the mycorrhizosphere.  30 
Sulfur (S) is required for the growth of all living organisms. In recent years, inorganic S 31 
deposition to soils through air pollution has been greatly reduced, while at the same time 32 
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fertilizer formulations were refined to contain less sulfate. This has led to a reduction in plant 33 
available sulfate in soil (McGrath et al., 2003). In soil, S is up to 95% organically bound, 34 
primarily as sulfate esters and sulfonate-S, and not directly plant available (Autry and 35 
Fitzgerald, 1990; Kertesz and Mirleau, 2004). Plants rely on microbes to facilitate organo-S 36 
mobilization (Kertesz et al., 2007). While hydrolysis of the sulfate ester bond is facilitated by 37 
bacteria and fungi alike, aromatic sulfonate-S mobilization is achieved via a bacterial multi-38 
enzyme complex of which the asfA gene is a marker (Schmalenberger and Kertesz, 2007).  39 
The growth of the AM fungus Glomus intraradices (Rhizophagus intraradices) on Trifolium 40 
plants in sand culture was strongly stimulated by addition of 2-(N-morpholino)-41 
ethanesulfonic acid, but this stimulation was related to metabolites released by sulfonate 42 
desulfurizing bacteria (Vilariño et al., 1997). Sulfonate desulfurizing bacteria may have been 43 
enriched on the AM hyphal surface (hyphoplane) and the soil directly affected by 44 
mycorrhizal fungi (hyphosphere) as opposed to the bulk soil, in analogy to the rhizosphere 45 
effect. Limited information exists on the role of hyphoplane and hyphosphere bacteria in 46 
nutrient mobilization. This is attributable to the inherent delicate nature of the hyphosphere 47 
making it more difficult to analyze experimentally than the rhizosphere (Scheublin et al., 48 
2010; Singh et al., 2004).  49 
The aim of this study was to investigate the bacterial and fungal diversity associated with 50 
hand-picked fungal hyphae selectively enriched in AM in comparison to bulk soil. 51 
Additionally, the ability of these bacteria to desulfurize sulfonate-S and putatively attach to 52 
fungal hyphae was investigated. The hypotheses were that i) fungal hyphae select for a 53 
distinct bacterial community, and ii) sulfonate utilizing bacteria would be enriched in the 54 
hyphoplane over both the hyphosphere and bulk soil due to their putative role in plant S 55 
supply and ability to attach to fungal hyphae via T3SS.  56 
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2. Materials and Methods 57 
2.1 Site Description 58 
Intact sods of grass (10 x 10 cm) were obtained in triplicate from Teagasc, Johnstown Castle 59 
(52o16’N, 6o30’W, 30 m above sea level). The soil type is a poorly drained gley soil with a 60 
pH of 6, organic matter (11%), and loamy topsoil (18% clay), classified as Mollic Histic 61 
Stagnosol (WRB 2006). The soil used has not received P or S fertilizer since 1968 and has 62 
not been ploughed since 1970 (P0-0, site 5A). Swards are mixtures of Lolium perenne, 63 
Dactylis glomerata, and various meadow grass species (Tunney et al., 2010). Entire sods and 64 
adjacent bulk soil were taken to the laboratory, where soil attached to roots and soil free of 65 
visible roots (defined as bulk soil) was subsampled to extract DNA and bacteria from the 66 
hyphoplane, hyphosphere and bulk soil.  67 
 68 
2.2 Extraction and Quantification of Bacteria from AM Hyphae 69 
A number of techniques for separating bacteria directly colonizing the AM hyphoplane and 70 
those in the hyphosphere were compared including; sucrose density gradient centrifugation 71 
(Tommerup, 1992), Gentodenz extraction (Scheublin et al., 2010), and Winogradsky’s rapid 72 
fractionated centrifugation (Faegri et al., 1977). The modification to these methods lay in the 73 
starting material. For this study, in-depth morphological assessment was used to pick 0.5 g of 74 
hyphae (H) from the roots of each of the sods using a compound microscope (x100 75 
magnification) and fine forceps (Hodge and Fitter, 2010) to enrich the sample in AM hyphae. 76 
Excess soil was removed from the hyphal-root surface using a soft bristled brush. The hyphae 77 
were picked carefully as to minimize the bias toward picking only robust hyphal 78 
morphologies. Detailed microscopic observations of the picked hyphae confirmed typical 79 
anatomical features of AM fungi and the absence of defined septa (Humphreys et al., 2010). 80 
Bulk soil (BS, soil free of any visible roots) was sampled at each site and used for 81 
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downstream experimentation in parallel to the picked hyphae. Both H and BS were separated 82 
into supernatant and pellet (hyphosphere (hs) and hyphoplane (hp), respectively) via 83 
centrifugation (4500 rpm, 15 min) and each fraction underwent further size fractionation 84 
using sterile sieving to yield 212 and 64 µm treatment sizes (Supplementary information – 85 
Extraction Methods). Serial dilutions of these separation fractions were plated on R2A 86 
(Reasoner and Geldreich, 1985) to calculate colony forming units (CFU g-1, wet weight) of H 87 
and BS. The separation suspensions were aseptically filtered and stored in a freezer for 88 
subsequent fingerprinting analysis (see section 2.4).  89 
 90 
2.3 Functionality of Dominant Isolates 91 
Based on CFU results and preliminary fingerprinting analysis, sucrose density gradient 92 
centrifugation was selected as the best available bacterial separation method. Using the CFU 93 
plates of this separation method, 200 random colonies were sub-streaked (50 isolates each for 94 
all 4 hs fractions from H and BS – hs212, hs64, hsbs212, hsbs64) on both R2A and agarose 95 
plates with toluenesulfonate as sole S source (MM2TS (Fox et al., 2014) solidified with 6 g l-96 
1 agarose, Eurobio, Courtaboeuf, France). Bacterial pure cultures that exhibited advantageous 97 
growth on solid MM2TS were identified and subsequently transferred into liquid MM2TS 98 
and MM2SF (medium with toluenesulfonate and S free control; (Fox et al., 2014)). The 99 
optical density at 590 nm was used to compare relative growth in MM2TS and MM2SF and 100 
was recorded using an ELX808IU spectrophotometer (Bio Tek Instruments Inc., Winooski, 101 
VT). 102 
Genomic DNA from isolates growing significantly better in MM2TS than MM2SF (P ≤ 0.05) 103 
was extracted for polymerase chain reaction (PCR) analysis using a modified quick lysis 104 
protocol (Schmalenberger et al., 2001). The extracted DNA was subjected to 16S rRNA gene 105 
amplification and the final concentration per 25 µl reaction was 1 X buffer (2 mM MgCl2), 106 
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0.2 mM dNTP mix, 0.4 µmol of each primer 27F and 1492R (Lane, 1991), and 0.5 U of 107 
DreamTaq polymerase (Fisher Scientific, Waltham, MA). Cycling conditions were as 108 
follows: 32 cycles of 94°C denaturation (45 s), 55°C annealing (45 s) and 72°C extension (90 109 
s). In order to ascertain taxonomic diversity of cultivated bacterial isolates, restriction 110 
fragment length polymorphism (RFLP) was carried out on PCR amplicons using the 111 
restriction enzymes RsaI and TaqI (5 U per reaction; Thermo Scientific) for 4.5 h at 37°C. 112 
Following digestion, DNA fragments were separated on a 10% acrylamide gel (110 V for 100 113 
min). Operational taxonomic units (OTUs) were established and re-amplified as above in 114 
volumes of 50 µl and purified (GenElute, Sigma-Aldrich, St. Louis, MO). OTUs that were 115 
identified more than once or showed a growth advantage of over 0.5 (OD590) were subjected 116 
to sequence identification (GATC Biotech, Konstanz, Germany) and compared with similar 117 
sequences using BLAST (Altschul et al. 1990). Taxonomically distinct dominant OTUs were 118 
subjected to PCR of asfA and hrcR (Section 2.5).  119 
 120 
2.4 Community Fingerprinting 121 
The frozen filter paper (Section 2.2) was used for community DNA extraction (hp, hs in H 122 
and BS) using the UltraClean Soil DNA extraction kit from MoBio (Carlsbad, CA) according 123 
to the manufacturer. The DNA was quantified using a Nano Drop ND-1000 (Thermo 124 
Scientific) and diluted to 10 ng µl-1.  125 
Bacterial 16S rRNA gene amplification was carried out with this DNA using the primer pair 126 
GC-341F/518R targeting the V3 region for denaturing gradient gel electrophoresis (DGGE) 127 
(Muyzer et al., 1993). The final concentration per 25 µl reaction was 1 X buffer (2 mM 128 
MgCl2), 0.2 mM dNTP mix, 0.4 µmol of each primer, and 0.5 U of DreamTaq polymerase 129 
(Fisher Scientific). A touchdown PCR protocol was used with the following cycling 130 
conditions: 20 cycles of 94oC denaturation (45 s), 65-55°C touchdown (45 s), 72°C extension 131 
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(45 s), plus 18 further cycles with an annealing temperature at 55°C. DGGE was carried out 132 
on 200 x 200 x 1 mm gels in a TV400 DGGE apparatus (Scie-Plas, Cambridge, UK). Gels of 133 
10% (w/v) acrylamide/bisacrylamide were prepared and run as described previously (Fox et 134 
al., 2014) using a linear 30-60% gradient in 1X TAE buffer (60°C) for 16.5 h at 63 V. After 135 
completion, gels were stained in 10,000 times diluted SYBR Gold (Invitrogen, Carlsbad, CA) 136 
for 30 min and the image taken on a Syngene G:Box (Cambridge, UK).  137 
Fungal DNA fingerprinting was undertaken using the fungal specific primer ITS-1F (Gardes 138 
and Bruns, 1993) and ITS-4 (White et al., 1990). This product was tenfold diluted and used as 139 
template in a nested PCR using an ITS-1FGC primer with a 40 base GC clamp to the 5’ end 140 
of the primer (Bougoure and Cairney, 2005) and ITS-2 reverse primer (White et al., 1990). 141 
Both PCRs were undertaken in 25 µl reactions as described above in 1 M betaine. For both 142 
PCR, amplification was performed for 40 cycles with the first 20 cycles at 95°C denaturation 143 
(45 s), 60°C annealing (45 s), and 72°C extension (45 s). Cycles 21–40 used the same 144 
parameters with annealing temperature of 50°C (Gardes and Bruns, 1993).  DGGE was run as 145 
before with a gradient of 35-65%. 146 
AM fingerprinting was achieved using the AM specific primer AM1 (Helgason et al., 1998) 147 
alongside the universal eukaryotic primer NS31 (Simon et al., 1992) targeting the 18S rRNA 148 
gene. The PCR was carried out under the following conditions: 30 cycles of 94°C 149 
denaturation (30 s), 58°C annealing (60 s), and 72°C extension (90 s). A tenfold dilution of 150 
the PCR product was undertaken and used as template for a nested PCR (cycling conditions 151 
as above) using the primer set Glo1 (Kowalchuk et al., 2002) and NS31-GC (Cornejo et al., 152 
2004). DGGE was run as before with a gradient of 35-55%. DGGE bands were excised from 153 
a SYBR Gold stained gel using a sterile scalpel blade on a visi-blue Transilluminator (Ultra-154 
Violet Products Europe, Cambridge, UK). The excised bands were kept in 500 µl of sterile 155 
molecular grade H2O for 48 h (4°C) to allow passive diffusion of DNA into solution 156 
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(Schmalenberger et al., 2008). The DNA solution was tenfold diluted and re-amplified using 157 
the unclamped universal reverse primer NS31 (Simon et al., 1992). The purified PCR product 158 
was used for sequence identification (GATC Biotech, Konstanz, Germany) and compared 159 
with similar sequences using BLAST (Altschul et al. 1990). 160 
Community fingerprinting of hrcR was based on the PCR conditions as in Section 2.5 but 161 
with a GC clamp at the 5’ end of the reverse primer (Warmink and van Elsas, 2008). A 162 
gradient of 20 to 50% (10% acrylamide) was used for the hrcR-DGGE at 84 V for 18 h and 163 
60°C. Subsequent cloning uncovered that only PCR products from H treatment encoded the 164 
HrcR protein, while BS treatment products did not. Therefore, the hrcR-DGGE was only used 165 
to distinguish hs and hp communities for H.  166 
 167 
2.5 Diversity of AsfA, ITS and HrcR 168 
The asfA gene was amplified with primers asfAF1all (5’-YTSTCVGGCATGGAGTTYT-3’) 169 
and asfBtoA (Schmalenberger and Kertesz, 2007). A touchdown PCR was carried out under 170 
the following conditions: 10 cycles of 98°C denaturation (10 s), 65-55°C touchdown (15 s), 171 
68°C extension (40 s), plus 25 further cycles at 58°C annealing. PCR was undertaken in 25 µl 172 
reactions containing 1 X Terra PCR Direct Buffer (2 mM MgCl2), 0.2 mM dNTP mix, 0.4 173 
µmol of each primer, and 1.25 U of Terra PCR Direct Polymerase (ClonTech Europe, Saint-174 
Germain-en-Laye, France). ITS fragments were amplified employing PCR primers without a 175 
GC clamp (Section 2.4). Amplification of hrcR gene fragments was achieved using a 176 
touchdown PCR identical to the one described for asfA above but with a 68-58°C touchdown 177 
and primer pair HrcRF/HrcRR (Warmink and van Elsas, 2008). For hrcR in BS, a nested 178 
PCR approach was necessary to obtain a sufficient PCR yield using the hrcR-DGGE product 179 
as a template for the second PCR with untagged primers.  180 
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All PCR products were purified, quantified, and ligated into the cloning vector pJET1.2/blunt 181 
(CloneJet, Thermo Scientific). The respective ligation reaction was transformed into E. coli 182 
DH5. In order to ascertain taxonomic diversity of recombinant plasmids containing an insert 183 
of the correct size, RFLP was carried out on PCR amplicons using the restriction enzymes 184 
AluI and RsaI for asfA and hrcR, and HaeIII was used for ITS (Thermo Scientific) (Section 185 
2.3). Clones with a similar restriction pattern were classified as a single genotype using 186 
Phoretix 1D (Nonlinear Dynamics, Newcastle upon Tyne, UK). Unique genotypes with more 187 
than one representative clone were re-amplified and the purified PCR product was used for 188 
sequence identification (GATC Biotech). The sequences obtained were subjected to gene 189 
comparison using BLAST (Altschul et al., 1990). Sequences of asfA and hrcR were imported 190 
into arb (Ludwig et al., 2004), translated into protein sequences (AsfA, HrcR) and integrated 191 
into AsfA (Schmalenberger et al., 2010) and HrcR phylogenetic trees (this study). 192 
 193 
2.6 Data analysis and sequence deposition 194 
Univariate analysis of CFU data was carried out using IBM SPSS statistics 20. DGGE 195 
fingerprinting gels were digitalized and band patterns analyzed with the software package 196 
Phoretix 1D (Nonlinear Dynamics). Cluster analysis (UPGMA) was carried out and obtained 197 
band pattern matrixes were exported for detrended correspondence analysis (DCA) and 198 
permutation tests (Monte-Carlo with 9,999 replicates) as described previously 199 
(Schmalenberger et al., 2010). Sequences from isolates (16S, asfA and hrcR) and from the 200 
clone libraries (ITS, asfA and hrcR) were deposited in GenBank under the following 201 
accession numbers KJ867051 - KJ867088 and KM220785 - KM220802.  202 
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3. Results 203 
3.1 Quantification of Cultivable Heterotrophic Microbes 204 
The sucrose density gradient extraction methodology was chosen for subsequent analysis as it 205 
demonstrated the highest bacterial yield in CFU g-1 and was thus thought to best represent the 206 
total bacterial population (Table 1). For all separation methodologies, significantly greater 207 
CFU was observed for H (both hs and hp fractions) over BS (P ≤ 0.01; highly significant). 208 
The total cultivable heterotrophic bacterial community was in the region of 106-107 for H, 209 
and 105 for BS (Table 1). There was not a significant difference between hs and hp, or the 210 
212 and 64 µm size fractions (P > 0.05).  211 
 212 
3.2 Functionality of Dominant Isolates 213 
Of 200 single colonies picked from CFU plates, 101 potential desulfonating isolates were 214 
obtained on solid minimal media. Optical density measurement of these bacteria in liquid 215 
minimal media identified 51 isolates with greater relative growth in MM2TS to MM2SF after 216 
a 14 day growth period (P ≤ 0.05; significant). RFLP of these isolates identified 30 different 217 
restriction patterns (OTUs). OTUs that were identified more than once or showed a growth 218 
advantage of over 0.5 (OD590) were subjected to sequence identification (Table 2). 16 OTUs 219 
originated from H and only 1 from BS. Classes such as Actinobacteria, Bacilli, 220 
Betaproteobacteria, Gammaproteobacteria and the Flavobacteria predominated. Bacteria 221 
isolated from H were associated with Stenotrophomonas, Bacillus, Flavibacterium, 222 
Microbacterium, Rhodococcus, Williamsia, Arthrobacter and Rhodoferax. All of these 223 
isolates exhibited significantly greater growth in MM2TS over MM2SF (P ≤ 0.01). Only one 224 
BS isolate was found to exhibit the ability to utilize TS as sole S source (P ≤ 0.01) and was 225 
associated with Acinetobacter iwoffii. The desulfonating marker gene asfA was isolated from 226 
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the following genera: Stenotrophomonas (isolate H11 associated with S. terrae), 227 
Pseudomonas (isolate H8 associated with P. montelli), Arthrobacter (isolate H51 associated 228 
with A. psychrophenolicus), and Williamsia (isolates H68 and H89 associated with W. faeni 229 
and W. muralis, respectively). While the truncated protein sequence of AsfA from isolate H8 230 
was identical to AsfA of P. putida S-313, AsfA of the other isolates created new clades in the 231 
phylogenetic tree of AsfA with no previous isolates or environmental clones closely 232 
associated (Fig. 1). Additionally, the hrcR gene has been identified from the overriding 233 
dominant OTUs in this study Stenotrophomonas H11 and Pseudomonas H8 (Table 2). While 234 
HrcR of isolate H11 was closely associated to the one of Xanthomonas campestris in the 235 
Xanthomonadales clade, isolate H8 HrcR clustered closely with Pseudomonas fluorescence 236 
HrcR in the Pseudomonales/Enterobacteriales clade (Fig. 2). 237 
 238 
3.3 Community Fingerprinting 239 
DCA of the 16S rRNA gene based fingerprint identified separation only between H and BS 240 
(Fig. 3A) and not between hs and hp or sieve size fractions. Monte Carlo permutation tests 241 
confirmed that H and BS bacterial communities were significantly different (P ≤ 0.01), while 242 
no significant differences between separation fractions or sieve size fractions were detected 243 
(P > 0.05). The DCA of ITS DNA fingerprints identified a clear separation of H and BS (Fig. 244 
3B). However, for both H and BS the separation fractions (hs and hp) grouped together. 245 
Monte Carlo permutation tests confirmed that H and BS differed significantly from one 246 
another (P ≤ 0.01), whereas separation and size fractions did not (P > 0.05). Likewise, the 247 
AM Fungal community fingerprint analysis (DCA) revealed a clear separation of H and BS 248 
(Fig. 3C; P ≤ 0.01) due to the anticipated enrichment of AM hyphae in the hand-picked 249 
hyphal sample (H). No separation of fractions hs and hp was identified (Fig. 3C) and this was 250 
confirmed via permutation tests (P > 0.05 for hs:hp). Bands were excised from the AM 251 
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fingerprints that were both common and more intense in H relative to BS treatment. The 252 
excised bands were subjected to sequence identification and, of these, 8 AM sequences were 253 
obtained, 6 of which were closely associated to uncultured AM clones and the remaining two 254 
were associated to G. intraradices (Rhizophagus intraradices) and Diversispora celata (Fig. 255 
4).  256 
Visual inspection of 16S rRNA gene (bacteria), ITS (fungal) and 18S rRNA gene (AM 257 
fungal) fingerprints allowed separation of profiles based on band number. The number of 258 
detectable bands in H for bacterial and AM fungal communities was higher than for BS, 259 
while for fungal communities more bands were found in the BS than in H. A difference in 260 
band number was not identified for the hs and hp fractions in any instance (Supplementary 261 
tables S1A-C).  262 
Visual inspection of hrcR DNA fingerprints of the fungal hyphoplane and hyphosphere 263 
identified both fractions to be similar in profile (Supplementary fig. S1). This was confirmed 264 
via Monte Carlo permutation test (P > 0.05).  265 
 266 
3.4 Diversity of AsfA, ITS and HrcR 267 
Clone libraries of asfA amplicons from H and BS were screened for different genotypes via 268 
RFLP (hs and hp DNA was pooled both for H and BS). Screening of a total of 100 clones (50 269 
each for H and BS) revealed 24 genotypes with coverage (Schmalenberger et al., 2007) of 270 
98% and 96% for H and BS libraries, respectively. There were no overlapping genotypes for 271 
the respective libraries. Upon open reading frame translation, however, BS genotypes were 272 
not found to encode AsfA (assigned as succinate dehydrogenase protein family). As a result, 273 
only H asfA genotypes alongside asfA from isolates were subjected to phylogenetic analysis. 274 
A phylogenetic tree was constructed (Fig. 1) based on AsfA retrieved from previous studies 275 
using the randomized axelerated maximum likelihood method (Stamatakis, 2006). None of 276 
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the clones associated closely with the Variovorax clade (< 84% similarity). However, three 277 
genotypes were found in the first clade of Polaromonas (H4, H5, H18) that is dominated by 278 
sequences obtained from wheat rhizospheres (Schmalenberger et al., 2008) and Agrostis 279 
rupestris rhizospheres in the Swiss alps (Schmalenberger and Noll, 2010). Five genotypes 280 
clustered in a yet unidentified clade of AsfA, while genotype H16 clustered with the 281 
Actinobacterium Williamsia (73% similarity) isolated in this study. A new, deep branching 282 
clade identified as Gammaproteobacterium Stenotropohomonas was identified in this study 283 
with 7 genotypes (14 clones out of 50) clustering with the isolate from this study (Section 284 
3.2). 285 
Fungal community analysis was undertaken via cloning ITS amplicons from H and BS and 286 
subsequent differentiation using RFLP analysis. Screening of a total of 50 clones via RFLP 287 
for H and BS each revealed 20 OTUs with coverage of 92% and 90% for the H and BS 288 
libraries, respectively. The dominant OTUs included (based on BLAST, in decreasing order 289 
of dominance) OTU 6 distantly associated with Acaulospora, OTU 2 distantly associated 290 
with Psedeurotium, OTU 15 associated with Cryptococcus terricola, OTU 8 associated with 291 
Mortierella exigua, OTU 4 distantly associated with Aquapeziza, OTU 13 associated with 292 
Mortierella, OTU 10 associated with Cryptococcus podzolicus, and OTU 11 associated with 293 
Scutellinia (Supplementary table S2). 294 
Cultivation independent T3SS analysis was accomplished by cloning amplicons of hrcR from 295 
H and BS and subsequent genotype screening via RFLP. All sequences obtained were 296 
compared using BLAST. The BS genotypes were not identified as hrcR-like as open reading 297 
frames associated to T3SS were not retrieved. Therefore, only clones from the H treatment 298 
were subjected to further phylogenetic analysis. Screening of 50 clones revealed 6 distinct 299 
genotypes with library coverage of 96%. The dominant genotypes were associated to (based 300 
on BLAST, in decreasing order of dominance); Pseudomonas (genotype 4, 58% of 301 
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population), Ralstonia (genotype 3, 14%) and Burkholderia (genotype 1, 12%; OTU5, 8%) 302 
(Supplementary table S3). In the constructed tree of HrcR, the over-riding dominant genotype 303 
(4) was found to be deeply branching from identified clades indicating a low degree of 304 
similarity to HrcR of Pseudomonas and Mesorhizobium (44 – 47% similarity, Fig. 2). The 305 
next most dominant genotypes (1 and 5) were closely associated (98% similarity) to HrcR of 306 
Burkholderia terrae of the Burkholderiales clade. Genotype 3 clustered with Ralstonia (70% 307 
similarity) in the Burkholderiales clade (Fig. 2). No associations were found with the 308 
Enterobacteriales clade. 309 
 310 
311 
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Discussion 312 
Diverse soil microbial communities are essential for soil fertility and plant vitality. AM fungi 313 
are a fundamental component of these soil microbial communities and are intricately 314 
involved in mobilization of nutrients such as P and nitrogen (Toljander et al., 2008). Recent 315 
work has identified bacteria putatively attaching and co-migrating with mycorrhiza hyphae to 316 
resources of soil nutrients (Warmink et al., 2011) with the potential of improving plant 317 
nutrient supply. This study investigated differences in the bacterial community and S 318 
mobilizing functionality associated with the arbuscular hyphoplane/hyphosphere 319 
(hyphospheric, H) and bulk soil (BS) in grassland. 320 
Cultivation independent studies based on the 16S rRNA gene have demonstrated a 321 
rhizosphere effect on bacterial community diversity (Roesch et al., 2007; Schmalenberger et 322 
al., 2010). However, this effect has rarely been studied in the hyphosphere of AM fungi given 323 
that it is often defined as soil where roots are absent (Andrade et al., 1997).  To uncover the 324 
hyphosphere effect in this study, AM hyphae were picked in direct analogy to sampling roots 325 
for rhizosphere analysis. Indeed, DGGE community fingerprint analysis of the bacterial 326 
(16S), fungal (ITS) and AM fungal (18S) community structures revealed significant 327 
community shifts in H over BS. This effect can be logically explained for AM fungal and 328 
fungal diversities through the selective sampling of AM-hyphae for H, resulting in higher 329 
diversities of AM fungi in H, while higher diversities of total fungi were expected in BS. 330 
Direct sequencing of AM-DGGE bands from H identified the genera Glomus and 331 
Diversispora. Both genera have been shown to increase above ground plant biomass (Wagg 332 
et al., 2011). Likewise, the number of detectable bands in the bacterial and AM fungal 333 
fingerprint appeared to be higher for H, conversely, the number of bands in fungal 334 
fingerprints were higher for BS. Interestingly, AM hyphae appear to have a diverse 335 
hyphospheric bacterial community, different to the one in bulk soil. The suggested 336 
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differences in diversity for bacteria and fungi may have resulted from the C rich 337 
hyphosphere, beneficial for bacterial diversity as opposed to the BS, beneficial for distinct 338 
saprotrophic fungal species to proliferate (Summerbell, 2005). Fungal species can be 339 
inhibited or stimulated by AM presence, thus contributing to the difference in fungal diversity 340 
of H and BS (Tiunov and Scheu, 2005). Among the dominant ITS OTUs exclusively present 341 
in H, OTU2 was distantly associated with the fungus Pseudeurotium, capable of phosphate-342 
ester hydrolysis (Tarafdar et al., 2003).  343 
Abundances of cultivable heterotrophic bacteria were significantly higher in H than in BS 344 
and these findings are consistent with previous studies (Johansson et al., 2004). Scheublin 345 
and colleagues (Scheublin et al., 2010) found higher bacterial abundance closely associated to 346 
hyphae in a controlled microcosm experiment. Higher bacterial abundance in the 347 
hyphosphere is a result of physicochemical attraction to AM hyphae in response to signaling 348 
interactions and C rich AM specific exudates stimulating bacterial proliferation (Scheublin et 349 
al., 2010; Toljander et al., 2007).  350 
Based on DNA fingerprint and cultivation results, separation of bacterial communities in the 351 
hyphosphere (hs) and hyphoplane (hp) by density gradient centrifugation did not yield 352 
significant differences. Likewise, AM community fingerprinting did not display a difference 353 
in hs and hp fractions indicating that the technique adopted did not achieve a sufficient 354 
separation of AM hyphae and bacteria, in part due to their relative size and delicacy (Singh et 355 
al., 2004). Another explanation may lie in bacterial attachment to mycorrhizal hyphae 356 
through a variety of mechanisms, for example, the presence of the proteinaceous substance 357 
glomalin  (Wright and Upadhyaya, 1998) and/or the fatty acids composition of the hyphae 358 
stimulating certain bacterial guilds putatively capable of attaching to AM hyphae (Graham et 359 
al., 1995).  360 
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A variety of bacteria were found to attach and co-migrate with ectomycorrhizal fungal 361 
hyphae using a T3SS as identified via the presence of the hrcR gene (Warmink et al., 2011; 362 
Warmink and van Elsas, 2008). This enables bacteria to reach new resources, thus enhancing 363 
ecological competence (Warmink et al., 2011). In the present study hrcR gene fingerprinting 364 
did not separate hs and hp communities, implying that either the separation of fungi and 365 
bacteria was incomplete or hrcR positive bacteria were only partially attached. However, 366 
cloning of hrcR indicated the presence of a T3SS to be characteristically hyphospheric as 367 
HrcR encoding products were not obtained from BS. Dominating hyphospheric HrcR clones 368 
were distantly associated to Pseudomonas, Mesorhizobium and to a lesser extent to the 369 
Burkholderiales and Xanthomonadales clade. While evidence of fungal attachment in the 370 
mycorrhizosphere via T3SS is still based on circumstantial evidence, findings in this study 371 
support the hypothesis of fungal attachment through T3SS. Attachment of pathogenic E. coli 372 
to leaves with a T3SS has been confirmed (Shaw et al., 2008), however, future studies are 373 
required to confirm this type of attachment to mycorrhizal hyphae employing T3SS deficient 374 
mutants. 375 
In order to ascribe functionality to the respective communities investigated, the ability to 376 
mobilize aromatic sulfonate-S was analyzed. Cultivation based analysis revealed the 377 
involvement of bacterial isolates belonging to the Gammaproteobacteria, Betaproteobacteria, 378 
Actinobacteria, Bacilli and Flavobacteria. These bacterial classes have been previously 379 
associated with AM hyphae (Mansfeld-Giese et al., 2002; Toljander et al., 2007; Xavier and 380 
Germida, 2003). However, amplification of the marker asfA resulted only in products from 381 
isolates Pseudomonas H8, Stenotrophomonas H11, Williamsia H68 and H89 and 382 
Arthrobacter H51. These findings imply that for the other isolates either primer binding sites 383 
varied or alternative desulfonation pathways were present.  384 
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Cultivation independent analysis based on truncated AsfA protein sequences identified 385 
genotypes clustering with the Polaromonas 1 clade, an unidentified Proteobacteria clade, the 386 
Stenotrophomonas clade and Williamsia clade (Betaproteobacteria, Gammaproteobacteria 387 
and Actinobacteria, respectively). Indeed, the Gammaproteobacteria taxon was the dominant 388 
desulfonating class comprising 37% and 28% of cultivated and non-cultivated desulfonating 389 
populations, respectively. Gammaproteobacteria including Pseudomonas and 390 
Stenotrophomonas were identified before as the dominant taxon to respond positively to AM 391 
fungal specific exudates and to dominate hyphal associated bacterial communities (Artursson 392 
et al., 2006; Gupta Sood, 2003). In this study, the asfA and hrcR positive 393 
Gammaproteobacterium Stenotrophomonas dominated the hyphospheric community. In 394 
addition to its newly discovered role in S mobilization this genus has been linked with de-395 
nitrification ability, stress protection, plant growth promotion, and bio-control in soil and, as 396 
such, plays an important functional role, therein (Heylen et al., 2007). Kertesz and Mirleau 397 
(2004) have identified a plant growth promotion (PGP) effect with inoculation of aromatic 398 
sulfonate desulfurizing P. putida S-313 (Kertesz and Mirleau, 2004). The truncated AsfA of 399 
the here isolated Pseudomonas strain is identical to the one of S-313 and represents the first 400 
find of this type of PGP bacterium in grasslands. Since Stenotrophomonas H11 and 401 
Pseudomonas H8 are asfA and hrcR positive, both bacteria may play an important role in 402 
association with AM to improve plant S supply.  403 
The results obtained demonstrate that AM hyphae can host a large and diverse community of 404 
functional PGP bacteria involved in the mineralization and bio-availability of sulfonate-S. 405 
Hyphospheric bacteria from this study were found to be capable of desulfurizing sulfonates 406 
of which some had the potential to attach to AM hyphal surfaces. These bacteria may have 407 
the potential to improve S supply to plants in agriculture when sulfate supply is limiting. In 408 
conclusion, sustainable management of AM and their attached functional bacteria in 409 
18 
 
grasslands may help to improve plant S uptake and reduce the requirement for inorganic S 410 
fertilization. 411 
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Table 1 Cultivation dependent bacterial community quantification (colony forming unit, 
CFU) on hyphae and in bulk soil after separation into hyphoplane (pellet) and hyphosphere 
(supernatant). 
Extraction 
Method 
Hand-picked hyphae  
  CFU x 105 g-1 FW  
(± SEM) 
Bulk soil 
CFU x 105 g-1 FW  
(± SEM) 
Hyphoplane Hyphosphere Hyphoplane  Hyphosphere  
Sucrose  
[212 µm] 
67 A  (9.2) 38 A (8.5) 1.2 B (0.1) 1.8 B (1.6) 
Sucrose 
[64 µm] 
93 A  (6.1) 43 A (34) 1.4 B (0.6) 2.0 B (0.5) 
Gentodenz 8.2 a  (<0.1) 6.0 a (0.6) 0.41 b (<0.1) 0.45 b (<0.1) 
Winogradsky 17  (3.3) 9.4  (0.6) 0.72  (0.4) 1.0  (<0.1) 
± SEM = standard error of the mean; FW = fresh weight; letters (A-B, a-b, -) indicate significant 
differences; 212/64 µm = sieve sizes used in sequential size fractionation 
  
Table 2 - Bacterial isolates obtained from hyphae (H) and bulk soil (BS) after size 
fractionation (212 and 64 µm sieve size; H212, H64, BS64) with desulfonating ability, and 
the presence of marker genes asfA (desulfonation) and hrcR (attachment).  
 
Class Genus ID Closest 
Relative 
Similarity 
[%] 
Origin No of 
isolates 
/OTU 
asfA 
gene 
hrcR 
gene 
Actinobacteria Arthrobacter 
KJ867065 
51 A.psychrophenolicus 
NR_027226 
99 H212 1 +  
 Microbacterium 
KJ867057 
9 M. arborescens 
EU741114 
98 H212 1   
 Microbacterium 
KJ867071 
90 M. pygmaeum 
FR682684 
99 H64 2   
 Rhodococcus 
KJ867063 
36 R. tukisamuensis 
NR_028629 
99 H64 2   
 Williamsia 
KJ867067 
68 W. muralis 
DQ177476 
99 H212 2 +  
 Williamsia 
KJ867064 
50 W. faeni 
DQ157929 
99 H212 2   
 Williamsia 
KJ867070 
89 W. sp 
DQ157909 
99 H212 2 +  
Bacilli Bacillus 
KJ867072 
95 B. mycoides 
JN377666 
99 H212 2   
 Bacillus 
KJ867068 
78 DB21 
HM566904 
99 H212 2   
 Bacillus 
KJ867059 
14 B. 
weihenstephanensis 
EU159485 
99 H64 1   
Beta- 
proteobacteria 
Janthinobacterium 
KJ867066 
60 J. lividum 
EU275366 
99 H212 1   
 Rhodoferax 
KJ867062 
35 R. fermentans 
NR_025840 
99 H64 3   
 Acinetobacter 
KJ867061 
27 A. iwoffii 
JQ815203 
98 BS64 1   
Gamma-
proteobacteria 
Pseudomonas 
KJ867056 
8 P. monteilli 
HM755497 
99 H212 1 + + 
 Pseudomonas 
KJ867060 
15 P. putida 
AB016428 
99 H64 1   
 Stenotrophomonas 
KJ867058 
11 S. terrae 
NR_042569 
99 H64 12 + + 
Flavobacteria Flavibacterium 
KJ867069 
83 F. pectinovorum 
AM230490 
98 H64 2   
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Figure Legends 
Figure 1 Randomized axelerated maximum likelihood tree of truncated AsfA sequences. H 
(underlined) indicates the cultivated (genus names provided) and molecular isolates from the 5 
hyphosphere/hyphoplane (hyphospheric) from this study. Molecular isolates from spring 
barley rhizospheres (sb; (Schmalenberger and Kertesz, 2007)), Agrostis grassland 
rhizospheres (CA; (Schmalenberger et al., 2010)), wheat rhizospheres from Broadbalk (W; 
(Schmalenberger et al., 2008)), rhizospheres and soils from the Damma glacier forefield (D; 
DA; (Schmalenberger and Noll, 2010)) were isolated previously.  10 
 
Figure 2 Randomized axelerated maximum likelihood tree of truncated HrcR sequences 
obtained from this study and from GenBank. The letter H represents the cultivated (genus 
name provided, underlined) and molecular isolates (underlined) from the 
hyphosphere/hyphoplane (hyphospheric) from this study.  15 
 
Figure 3 Ordination plot (detrended correspondence analysis, horizontal axes = DCA1, 
vertical axes = DCA2) of DGGE profiles of bacterial 16S rRNA (A), ITS fungal (B) and AM 
fungal (C), amplified from hyphae (pattern fill) and bulk soil (solid fill). Separation fractions: 
hyphosphere (hs – diamond/triangle) and hyphoplane (hp – circle/square) and size fractions: 20 
212 (diamond) and 64 µm (triangle). Error bars indicate standard deviation of the means 
(lowest standard deviations were smaller than the symbols). 
 
Figure 4 AM fungal DGGE profiles of 18S rRNA gene fragments from hyphae and bulk soil 
(bs) DNA after sucrose gradient separation into hyphosphere (hs) and hyphoplane (hp) and 25 
further size fractionation (212 and 64 µm). DGGE fingerprints are flanked by species 
standards (M). Selected bands were excised, re-amplified and sequenced (rectangles); % 
sequence identity and affiliation to sequences from GenBank is displayed. 
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Supplementary information for Gahan, J. and Schmalenberger, A. “Arbuscular 
mycorrhizal hyphae in grassland select for a diverse and abundant hyphospheric 
bacterial community involved in sulfonate desulfurization”. 
 
Supplementary information - Extraction Methods 5 
Sucrose Density Gradient Centrifugation 
H and BS were homogenized in 8 ml of sterile 0.85% NaCl2 in a Seward Stomacher 400 
circulator (Seward, UK) for 5 minutes at 230 rpm. The homogenate was passed through a 
series of sieves (Endecotts, UK) with decreasing pore size; 750 µm, 500 µm, 212 µm, and 64 
µm. The sievings were collected from the 212 µm and 64 µm sieves and re-suspended in 50 10 
ml of sterile 0.85% NaCl2 and centrifuged at 771 x g for 5 min. The pellet was re-suspended 
in 4 ml of 50% sucrose solution and centrifuged at 771 x g for 1 min. The supernatant and 
pellet of this centrifugation were each re-suspended in 50 ml of sterile 0.85% NaCl2 and used 
for bacterial community quantification and functional analysis. 
Gentodenz Density Gradient Centrifugation 15 
H and BS were homogenized in 8 ml of sterile Na4P2O7 (0.1%, pH 7) in a blender for 4 x 7 s 
blendings, with 2 min intervals on ice. The suspension was centrifuged for 5 min at 150 x g 
and 4°C to precipitate soil particles. The supernatant was filtered through a 60 µm sieve and 1 
ml of Gentodenz (Gentaur, Belgium) was pipetted below the aqueous phase of the filtrate. 
After centrifugation for 20 min at 3000 x g (4°C), 1 ml of the interphase containing the 20 
bacteria was collected and diluted with 1 ml of sterile Na4P2O7 (0.1%, pH 7). This suspension 
was re-centrifuged, re-sieved and 1 ml of Gentodenz was pipetted below the aqueous phase 
of the filtrate. Gentodenz centrifugation was performed for 60 min at 3000 x g and 4°C. In 
all, 3ml of the interphase was diluted with 9ml of liquid M-medium. After centrifugation for 
2 
 
15 min at 3000 x g, the supernatant and pellet (re-suspended in 50 ml of sterile 0.85% NaCl2) 25 
were used for bacterial community quantification and functional analysis. 
Winogradsky’s Rapid Fractionated Centrifugation 
H and BS treatments were homogenized with 8 ml of sterile Winogradsky’s Salt Solution 
(WSS, Faegri et al., 1977) 1:20 (v/v) in a blender for 3 x 60 s blendings at 4°C. The 
homogenate was diluted to 50 ml in sterile WSS and sieved using a 60 µm sieve. The 30 
sievings were re-suspended in 50 ml of sterile WSS and centrifuged at 1000 x g for 15 min. 
Following this first centrifugation, the pellet was re-homogenised in a blender for 60 s, re-
diluted, and re-centrifuged an additional two times. The combined supernatants of the above 
three low-speed centrifugations were centrifuged at 10,000 x g for 30 min at 4oC. After 
centrifugation, the supernatant and pellet (re-suspended in 50 ml of sterile 0.85% NaCl2) 35 
were used for bacterial community quantification and functional analysis.  
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Supplementary table S1 
Denaturing Gradient Gel Electrophoresis (DGGE) band number profile of hyphae and bulk 
soil (bs), separation fractions (supernatant – hs, pellet - hp) and size fractions (212 and 64 
µm) for bacterial 16S rRNA (A), fungal ITS (B), arbuscular mycorrhiza (C), and bacterial 40 
hrcR (D) (H only).  
 
 
 
 
 
 
 
 
 50 
 
 
 
 
 55 
 
 
 
SD = standard deviation   
S1B Band No. SD 
hs212 31.00 2.65 
hs64 30.00 2.00 
hsbs212 36.00 1.00 
hsbs64 36.00 1.00 
hp212 31.33 1.15 
hp64 30.00 2.00 
hpbs212 35.67 1.53 
hpbs64 36.67 0.58 
S1A Band No. SD 
hs212 33.00 2.65 
hs64 33.00 2.65 
hsbs212 23.67 1.15 
hsbs64 23.67 1.15 
hp212 31.67 2.31 
hp64 31.67 1.15 
hpbs212 22.00 3.61 
hpbs64 23.00 2.00 
S1C Band No. SD 
hs212 11.67 4.73 
hs64 13.00 0.00 
hsbs212 4.33 1.53 
hsbs64 4.33 1.53 
hp212 12.00 1.73 
hp64 12.00 2.00 
hpbs212 5.33 1.53 
hpbs64 4.67 2.52 
S1D Band No. SD 
hs212 28.00 0.00 
hs64 28.67 0.58 
hp212 29.67 1.53 
hp64 29.33 0.58 
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Supplementary table S2 – Taxonomic assignment of representative fungal OTUs derived 60 
from clonal ITS sequence analysis from hyphae and bulk soil (DNA from hyphosphere and 
hyphoplane was pooled). 
ID Highest affiliation and similarity [%] 
Closest cultivated genus 
and similarity [%] 
Rep. per 
OTU Environment 
OTU1 Uncultured fungus  99 Mortierella 99 2 Hyphae 
OTU2 Uncultured fungus  96 Pseudeurotium 87 12 Hyphae 
OTU3 Uncultured Cryptococcus  99 Cryptococcus  99 2 Hyphae 
OTU4 Uncultured fungus 92 Aquapeziza 81 11 Hyphae 
OTU5  Podospora curvuloides 98 Podospora  98 2 Hyphae 
OTU6 Uncultured Glomus clone 95 Acaulospora  92 19 Hyphae 
OTU8 Uncultured fungus  99 Mortierella  99 12 Bulk soil 
OTU10 Uncultured soil fungus 100 Cryptococcus  100 4 Bulk soil 
OTU11 Uncultured Kotlabaea 98 Scutellinia  97 4 Bulk soil 
OTU13 Uncultured fungus clone 96 Mortierella  96 5 Bulk soil 
OTU14 Uncultured soil fungus 99 Mortierella  98 3 Bulk soil 
OTU15 Cryptococcus terricola 99 Cryptococcus 99 12 Bulk soil 
 
Supplementary table S3 
Taxonomic assignment of representative genotypes obtained from hrcR gene RFLP analysis 65 
derived from cloning of hyphospheric DNA (H) from pooled supernatant (hs) and pellet (hp). 
ID Affiliation Replicate clones Similarity [%] Treatment 
1 Burkholderia 6 75 H 
3 Ralstonia 7 81 H 
4  Pseudomonas  29 73 H 
5 Burkholderia 4 90 H 
 
 
5 
 
Supplementary fig. S1 – Ordination plot (detrended correspondence analysis) of DGGE 
profiles of HrcR bacteria amplified from hyphae (pattern fill) and bulk soil (solid fill). 70 
Separation fractions: supernatant (hs – diamond/triangle) and pellet (hp – circle/square) and 
size fractions: 212 (diamond) and 64 µm (triangle). 
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